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1994
Geochemical Processes in a Transition Zone Between Surface Water and 
Acidic, Metal-Rich Groundwater ,
Director: Johnnie N. Moore .L.
This work documents the size, shape and geochemical character of 
the transition zone between surface water of a small creek and underlying 
acidic, metal-rich groundwater. Determination of water chemistry 
combined with a unique in situ method of sampling the solid phase 
chemistry (mineral coatings on installed ceramic beads) allowed me to 
build an unusually complete picture of the geochemistry during 
surface/groundwater interaction. The concentrations of metals on the 
sampled substrate is inversely related to their respective concentrations in 
the aqueous phase, clearly documenting separation between the solid and 
aqueous phases. It was found that within the bed sediment of the creek a 
geochemically-defined transition zone of about 1 meter exists between 
acidic metal-rich groundwater (pH= 4.5, Fe Conc.= 300 ppm) and 
relatively clean surface water (pH= 7.9, Fe Conc.= 0.2 ppm). This work 
has defined the extent of this transition zone geochemically and built a 
model of the flow system that explains the chemistry found and fits existing 
hydrologie data. It is possible to achieve the water chemistry composition 
found in the transition zone by the oxidation of sulfides within the bed 
sediment by infiltrating surface water, or by a mixing ratio of 96:4 surface 
water to contaminated groundwater. The behavior of metal contaminants in 
this system is discussed.
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Introduction
The interface between streams and underlying shallow groundwater 
is increasingly recognized as a distinct biogeochemical enviroiunent. 
Important transformations occur within this zone that can impact the 
chemical make-up of both the overlying surface and underlying 
groundwater systems. Ecologists have established the importance of this 
zone (which they term the hyporheic zone), not only as a biologically rich 
ecotone, but also as an interface that is important to the entire river’s 
ecology [1]. In coarse-bedded stream channels extensive physical and 
chemical interaction, between stream water and surrounding sediment pore 
water, results in a zone of mixing [1-5]. Researchers on the Glatt River in 
Germany showed that the mobility of many ions changes at the interface 
between infiltrating surface water and groundwater [6, 7]. Much of this 
work has suggested that the interactions between the aqueous phase and the 
substrate play an important role in controlling solute behavior. However, 
fully understanding ion spéciation is often hampered by a lack of 
knowledge of the solid-phase present. Combining this unique, in situ, solid- 
phase sampling technique with more traditional water sampling and 
analysis provides an unusually complete picture of the behavior of chemical 
constituents at this interface in a stream-groundwater system contaminated
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with metals.
The production of acidic, metal-rich waters from the oxidation of 
sulfide minerals found in mine tailings is well documented [8, 9]. These 
waters often contain high levels of Fe and Mn in addition to elevated 
amounts of the trace elements As, Cd, Cu, Pb, and Zn. Iron and Mn can 
precipitate from these waters forming oxide mineral phases. Trace metal 
contaminants are often associated with these oxides by the processes of 
coprecipitation and adsorption [10-14]. The oxidation of Fe and Mn to 
form oxide precipitates is induced by an increase in pH or pE [15] .The 
toxicity of these waters is, in a large part, directly related to the presence 
of the metals in the aqueous phase [16]. Therefore, understanding the 
processes controlling metals behavior in waters in natural settings is critical 
to any meaningful assessment of the impact and remediation of acid mine 
drainage problems.
Study Site
Silver Bow Creek, located in the headwaters of the Clark Fork River 
drainage of Western Montana, provides an opportunity to study the 
geochemical processes at the interface of acidic, metal-rich groundwater 
and relatively uncontaminated surface water (Figure 1). 
Tum-of-the-century mining in Butte, Montana, located 18 km upstream
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from the research site on Silver Bow Creek, resulted in the production of 
large volumes of heavy-metal contaminated waste tailings. Much of these 
tailings were deposited into the stream bed of Silver Bow Creek. 
Subsequent floods transported the waste downstream, redepositing it as 
over-bank floodplain deposits over 100 miles of the Clark Foik River 
drainage [17]. At the research site, tailings are deposited 1.5 meters thick 
over a floodplain about 200 meters across (Figure 2). Three 
hydrostratigraphic units are present. The base of the aquifer (2 to 4 meters 
below ground surface) is bound by a clay-rich layer of undetermined 
thickness that is believed to be the weathered layer overlying a volcanic 
tuff. The aquifer material is approximately 2 meters thick and composed of 
coarse sand and gravel. The unsaturated zone is zero to 2 meters thick and 
is composed of a complex stratigraphy of fine to coarse-grained tailings 
material enriched in As, Cd, Cu, Fe, Pb, and Zn and fine and coarse­
grained uncontaminated flood plain deposits [18] (Figure 3). Table I shows 
representative metal concentrations from sediment at the Silver Bow Creek 
Site.
At the location of this study, the near-surface aquifer is locally 
contaminated with acidic, metal-rich water. This contamination is likely the 
result of the oxidation of sulfides in the vadose zone and the subsequent 
migration of acidic, metal-rich water downward into the aquifer. The pH is
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
approximately 4.5, alkalinity is zero and dissolved oxygen less than 1 mg/1. 
Metal concentrations are high with elevated levels of Cd, Cu, Fe, Mn, and 
Zn. The chemistry of the groundwater at the site is controlled by the 
oxidation of organic matter and the flux of acidic metal-rich water from 
the vadose zone. The resulting water is significantly more reduced and 
acidic than the surface water [18, work in progress]. Table II shows 
representative metals concentrations in ground and surface waters.
The water table at the site is between zero and 2 meters below 
ground surface, depending on topography. Well level response to changes 
in stream stage, as well as potentiometric maps of the water table, shows 
that the groundwater and surface water systems are well connected 
(Figures 2, 3 and 4). These hydrologie data also show that the stream at the 
Silver Bow Creek is a “flow-through” system with respect to 
groundwater— when the stream is perpendicular to groundwater flow, 
groundwater enters the stream on the up-gradient side and exits on the 
down-gradient side. The study site is located at such a location. Flow 
direction within the bed sediment of the creek itself is not clearly defined. 
The measured distribution of hydraulic head suggests that creek water is 
infiltrating into the bed sediment, and that groundwater is also flowing 
laterally beneath the creek. Therefore, any mixing zone located under the 
creek may receive input from the stream channel above or laterally from
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
groundwater. Water chemistry and flow directions recorded with seepage 
meters in the up-gradient bank of the creek show that the flow field is 
variable. At times, contaminated groundwater appears to flow into the 
creek, at other times, creek water appears to be flowing into the 
bank.These fluctuations in flow direction are believed to be the result of 
changing creek stage and resultant changes in flux between the creek and 
the groundwater. Because there is a slight delay in the response of the 
groundwater to stream stage, an increase or decrease in stream level will 
result in a temporary flux of water between the creek and the groundwater. 
Despite these variabilities in hydrology, I have defined the size and shape 
of the hyporheic zone underlying Silver Bow Creek and documented the 
importance of the geochemical processes within this zone in controlling the 
behavior of metals in the system.
The vast majority of the time the creek water does not exhibit 
contamination from the nearby tailings. The pH of the surface water is 
neutral (pH= 7.8). Alkalinity and dissolved oxygen concentrations are high 
85 mg/1 and 8 mg/1, respectively). Diurnal fluctuations in pH, dissolved 
oxygen, and temperature have been observed in the surface water of Silver 
Bow Creek [19]. These fluctuations are likely controlled by respiration and 
photosynthesis of algae within the stream bed [20, 21]. Metal 
concentrations in the surface water are low, as expected, given the high pH
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
and dissolved oxygen levels [18]. Though the stream appears 
uncontaminated, short periods of high-level contamination do occur. 
Occasional runoff events lasting on the order of minutes to hours result in 
an influx of acidic, metal-rich water. This contamination sequence has been 
documented along the Clark Fork River downstream from Silver Bow 
Creek [22].
Methods
Field
Water sampling wells and a solid phase sampler were installed into 
the bed sediment of the creek and the adjacent groundwater (Figure 3). 
Tubes filled with 2 mm diameter aluminum silicate ceramic beads were 
installed vertically into the creek bed to collect mineral coatings. 
Bead-tubes were constructed with 1.75 meter long polycarbonate 
tubing(3/8 inch OD, 1/4 inch ID) which was slotted (1 mm) on two sides at 
1/2 centimeter intervals using a band saw. Beads (2 mm average diameter) 
were then inserted into the slotted tubing with each bead section (15 cm) 
separated by a solid piece of polycarbonate rod. The spacers provided 
divisions for sampling purposes and prevented water from flowing 
vertically within the bead-tube. The bead-tube was then connected as a
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package with a non-slotted tube for additional structural support. This 
bead-tube set was then acid cleaned in 50% reagent-grade HCl for 1 hour 
and rinsed repeatedly with sterilized deionized water until a pH of 5 was 
reached. The bead-tube set was transported in a sterile container to the 
field site. The tube was installed vertically into the creek bottom by first 
pounding a 2 inch steel pipe with a solid rod inside into the sediment, then 
removing the inner steel rod, inserting the bead-tube into the now open 
pipe and finally removing the pipe, allowing the sediment to collapse back 
around the bead-tube set. Both bead-tube sets were installed on One 
bead-tube set was then left in the sediment for 6 weeks, a second for 15 
weeks. When each bead-tube set was removed, it was immediately rinsed 
with sterile, deionized water, cut into 15 cm sections and stored for 
transport in either an oxic or anoxic chamber depending on the chemical 
environment of the depth from which they were removed.
During water sampling and collection, every attempt was made to 
minimize sample contact with oxygen. A small sample volume was 
removed to avoid averaging and to delineate vertical variation as much as 
possible. In addition to the bead sites, groundwater access tubes were 
constructed of 3/8 inch (OD) polyethylene tubing with 5 cm of the tip 
slotted and covered with a fine mesh screen and installed as a nest. They 
were placed at 30 cm intervals into the creek bottom using the method
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described above for bead-tube installation. Sampling was accomplished 
using a 60 cc syringe. One tube volume was purged then a sample was 
taken. Samples were filtered through 0.45 pm filter and acidified with 
concentrated trace-metal grade HCl to a pH of 2 for cation analysis. 
Samples for anions were also filtered but not acidified. Alkalinity samples 
were collected unfiltered and unacidified. Dissolved oxygen and pH were 
measured immediately upon removal. Though the measured values for 
dissolved oxygen correlated well with data collected using an enclosed 
flow-through cell, the sampling method requires that dissolved oxygen % 
values be regarded only as a trend in relative oxygen concentrations.
Nested wells were also installed approximately one meter away from the 
creek to sample groundwater approaching and leaving the creek (Figure 2 
and 3). These wells were also sampled as described above. Because of the 
need to take small sample volumes, it was not possible to purge until 
chemical parameters were stable or to collect duplicate samples.
Laboratory
Upon arrival in the laboratory, the bead tube sections were dried at 
70 degrees Celsius for 24 hours. The beads were removed from each 
section into a beaker. When present, accumulated algae was removed by 
gently breaking it off and sieving to separate it. The coatings were
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
extracted from the beads using aqua regia digest (3:1, hydrochloric: nitric 
acids). This solution was then analyzed for Ca, Cd, Cu, Fe, K, Mg, Mn, Na, 
Pb and Zn using a Thermo Jarrel-Ash Atom-Comp 800 ICP for major 
cations. These results are reported as jig element/gm of beads. Water 
samples were analyzed for cations (Ca, Cd, Cu, Fe, K, Mg, Mn, Na, Pb,
Zn) using standard techniques on the same ICP. Anions (nitrate, sulfate, 
chloride) were analyzed using a Dionex 20CX) Ion Chromatograph (IC). 
Water chemistry results are reported in mg/1 (ppm). Precision of the ICP 
analysis was established by the use of duplicates. Duplicates ranged from 
97 to 108% for aU elements with the exception of Zn, Na and K which 
ranged from 95 to 122%. Accuracy was established by the use of spikes. 
Spikes of between 10% and 1000% of analyte were recovered at a range of 
104 to 115% for all ions except Zn, Na and K which were recovered at a 
range of 94 to 117% (Table III). Precision of IC analysis was established 
by use of duplicates. Duplicates ranged from 99 to 100%. Accuracy was 
established using spikes. Spikes of between 10 and 500% of analyte were 
recovered at a range of 98 to 103% (Table IV). Bead blanks exhibited 
significant concentrations of Al and Si and data for these metals on the 
beads have been deleted. Bead blanks exhibited insignificant levels of 
contamination for all other elements. Total alkalinity was determined using 
a Hach colorimetric technique.
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Results and Discussion
Accumulations on the Beads
Given the location of the study (in the bed of a stream) and the 
nature of the material (coarse sand to cobbles) the collection of 
representative sediment cores was deemed impractical. In addition, I 
believe that in some ways the use of the beads are superior to the sampling 
of sediment cores. An advantage of the use of beads over analysis of 
sediment is that the beads do not have a history of weathering and coatings 
accumulation. Extraction and analysis of coatings on grains will necessarily 
include not only the outer-most layer of the coating present, but all the 
underlying layers of material as well. These underlying layers are not 
necessarily in equilibrium with the surrounding water and may be the 
product of very different geochemical conditions. The complexity of the 
coating history is only limited by the age of the grain. The use of beads has 
the potential to eliminate this problem of history because the beads will 
only reflect the geochemical conditions during the period in which they are 
in the sediment. However, the beads do have some limitations. The beads 
themselves do not exactly mimic the physical and chemical characteristics 
of the natural substrate. The specific mineralogy of the sediment can effect
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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sorption processes [23].
The rates of accumulation on the beads appear to be different on the 
6 and 15 week bead sets. A plot of the % difference between metal 
concentrations on the 6 and 15 week beads sets shows that there is smaller 
increase in metal accumulations in the surface water section (40-80% 
increase) than in the transition zone section (200-900% increase) (Figure 
5). The surface water section had already accumulated high levels on the 6 
week set (e.g. Fe: 150 pg/gm bead), while the transition zone had only 
accumulated moderate concentrations (e.g. Fe: 15 g/gm bead). This 
indicates that the bead section in the surface water may have begun to reach 
equilibrium with the system during the first 6 weeks. That the rates of 
accumulation on the beads are different for different depths, is to be 
expected given the differences in the geochemical environments (See 
below). This suggests that the rates of accumulation on the beads may not 
be a reflection of the rates within the surrounding sediment. However, the 
geochemical controls on the beads are the same as those on the sediment 
and the processes of sorption on the beads are constrained to processes that 
also occur on the sediment. I conclude that the presence or absence of 
constituents on the beads is a reflection of the surrounding sediment and the 
geochemical factors controlling sorption in that environment.
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A Transition Zone
The pH profile of the water within the creek and downward in the 
sediment clearly defines the depth of the transition zone. The profile shows 
three distinct zones: Zone 1, from 8 to -8 cm, the pH is -7.8; Zone 2, from 
-8 to -80 cm, the pH is -6.5; and Zone 3, from -80 to -140 cm the pH is 
-4.5 (Figure 6). Pore water chemistry in Zone 2, to a depth of 80 cm in 
the stream bed, is clearly different from both surface (Zone 1) and 
surrounding groundwater (Zone 3). This water, with a pH of 6.5, average 
alkalinity of 70 mg/1, and average dissolved oxygen concentrations of 6 
mg/1, chemically falls in-between surface and groundwater. This suggests a 
profile of the ground and surface water interaction composed of two 
aqueous end members, surface water and contaminated groundwater 
separated by a zone of intermediate composition, the transition zone.
Metal concentrations in bead coatings on the 6 week bead-tube set 
correlate well with the above described zones. In general, concentrations of 
Ca, Cd, Cu, Fe, K, Mg, Mn, Na and Zn in the bead coating are directly 
related to the pH and inversely related to concentrations of metals in the 
water. In the groundwater (Zone 3), where metal concentrations are high 
in the aqueous phase and pH is low (Fe= 350 ppm, pH= 4.5), the 
concentrations on the beads are low (Fe= 5 g/gm bead). In the surface 
water and transition zone (Zones 1 and 2), which have low metal
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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concentrations in the aqueous phase and high pH (Fe: 0.2 ppm, pH= 7.8), 
concentrations of metals on the beads are high (Fe= 160 g/gm bead). The 
surface water, with a pH of 7.8, has higher concentrations of metals on the 
beads than the transition zone, with a pH of 6.5.
Nested wells on the banks of the creek were used to determine the 
lateral extent of the transition zone. Water from wells located one meter 
from the up-gradient side (relative to groundwater flow) shows no obvious 
chemical influences from the creek (Figure 6). The up-gradient bank of the 
creek is coated with a bright orange cmst at the water table. This indicates 
that precipitation of Fe-oxides is occurring at the pore water-creek contact. 
Samples of in-flowing groundwater on the up-gradient side of the creek 
varied in pH from 4 to 7, suggesting a small, but fluctuating, transition 
zone. The wells located one meter from the down-gradient side of the 
creek do show influences of the creek; with a pH of 6 and moderately high 
metals concentrations (Fe=10 ppm). A well located 10 meters away from 
the creek on the down-gradient side shows no measurable influence of the 
creek (pH= 4, Fe= 360 ppm). These wells constrain the transition zone to 
less than one meter on the up-gradient side and at least one, but less than 
10, meters on the down-gradient side. The lateral extension of the 
transition zone is clearly influenced by the regional groundwater flow 
field.
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Transition zone boundaries
Within the vertical profile, the boundary between the surface water 
and the transition zone is gradational. Water chemistry at -10 cm depth is 
very similar to surface water but at -30 cm depth the water is clearly 
different. The gradational nature of the upper boundary of the transition 
zone is in agreement with a model of stream-pore water interaction 
proposed by [24]. They examined physical mixing using tracers and found 
that surface water interacted extensively with the shallow gravel bed and, 
to a lesser degree, with deeper alluvium. This work provides chemical 
evidence for similar behavior. Alkalinity and pH of the water in the upper 
10 cm of the bed sediment beneath the creek are very similar to surface 
water, suggesting extensive interaction. Below 10 cm, and to a depth of 80 
cm, pore water is considerably more acidic and less buffered, but still 
exhibits obvious influences from surface water. The coarse-grained bed 
material results in high rates of exchange of surface water with the shallow 
bed sediment pore water.
The boundary between the transition zone and flood plain 
groundwater is more distinct. Metal concentrations in the water vary by as 
much as three orders of magnitude over a distance of less than 20 cm. The 
6 week bead set exhibits high concentrations of Fe at this contact. Visual
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evidence in the form of orange coatings on the beads at the -80 cm mark 
suggests that this contact is less than 5 cm in width. These chemical data, 
which indicate abrupt contact between the transition zone and groundwater, 
can be used to construct a tentative model of the physical flow field. Given 
the large chemical signature of the surface water in the transition zone, it is 
clear that there is some component of downward flow. It is difficult to 
picture producing the chemical profile of the lower boundary of the 
transition zone by gradational dilution or mixing. Therefore, I propose that 
the downward component of flow apparently dissipates by the time the 
downward migrating surface water reaches the -80 cm depth. At that point 
the water in the transition zone is moving parallel to the flood plain 
groundwater system (Figure 8). This model fits existing hydraulic head 
data at the site (Figure 3).
Based on my sampling scheme, there is also evidence that the lower 
boundary of the transition zone fluctuates. The metals profile of the 15 
week bead set is essentially the same as the 6 week bead set but appears to 
indicate a much smaller transition zone. The 6 week bead set shows a zone 
of accumulation from the surface (zero cm depth) to the -82.5 cm depth. 
This correlates well with the defined transition zone. On the 15 week bead 
profile this zone of accumulation only extends to the -52.5 cm depth. This 
may be attributed to lateral variability because the 15 week bead set was
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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located about 1.5 meters away from both the 6 week bead set and the water 
sampling wells. But, it is also possible that at the time of the removal the 
transition zone was smaller. This can be explained by fluctuations in the 
location of the boundary between the transition zone and the contaminated 
groundwater. A lowering of the stream stage would result in a temporary 
increase in the flux of water from the groundwater to the stream which 
would result in a reduction in the thickness and extent of the transition 
zone. A fluctuating contact between the contaminated groundwater and the 
transition zone will limit the amount of metals that accumulate in the lower 
part of the transition zone. Changes in the location of this boundary would 
result in periodic influxes of acidic groundwater from below. This would 
dissolve any accumulated sorbed material. Therefore, though the lower 
boundary of the transition zone appears to be an area of rapid sorption, it 
may not be a zone of major accumulation. The amount and location of 
coatings on the beads at this lower interface may reflect a very short period 
of accumulation, and therefore should be considered a “snapshot” of metals 
behavior at the time of removal.
Metals Behavior
The behavior of metals within surface, transition zone, and 
groundwater systems is controlled by geochemical conditions of the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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aqueous phase. Relative concentrations of metals on the beads and in the 
aqueous phase appear to fit well with previously established theoretical and 
field-recorded behavior.
Iron: The presence of extensive Fe rich coatings on stream sediment 
indicates that Fe is precipitating as Fe oxides in the stream [25, 26] . High 
Fe concentrations throughout the transition zone indicate that precipitation 
of Fe oxides is occurring to a depth of -80 cm. Below this point Fe is not 
undergoing sorption, and Fe concentrations are high in the aqueous phase. 
This suggests that the contact between the transition zone and groundwater 
is also the geochemical boundary for Fe. Above the boundary, the 
dominant Fe species is Fe-oxides and below the boundary the dominant 
species is the soluble form (Fe2+). This fits well with theoretical Eh-pH 
diagrams of the Fe system [15]. Eychaner (1991) [13] found Fe2+ oxidized 
and precipitated as Fe-oxyhydroxides at a pH of 5 during dilution of acidic 
metal-rich groundwater, which is in agreement with Fe behavior in this 
study. Iron concentrations in the water at a pH of 4.5 are high (350 ppm) 
while in water of a pH of 6.5, Fe concentrations are low (0.5 ppm). In the 
sediments of Silver Bow Creek, this gradient may be induced by a change 
in redox potential, pH or a combination of the two, since both parameters 
decrease with depth. The beads show a concentration maximum for Fe at 
the contact between the transition zone and the groundwater. High Fe
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
18
concentrations at this contact can also be explained by precipitation of iron 
oxyhydroxides and suggests that this concentration maximum reflects a 
zone of mixing between transition zone water and metal-rich groundwater.
Manganese: Manganese shows high levels of accumulation on the 
beads in the surface water, but little or no accumulation on the beads in the 
transition zone and contaminated groundwater.Manganese is present in the 
aqueous phase in the groundwater and transition zone at elevated levels 
relative to the surface water. The spéciation boundary between Mn oxides 
and soluble Mn (Mn2+) correlates well with the boundary between the 
surface water and the transition zone water. Above this boundary, Mn 
oxides are the dominant phase and below this boundary Mn2+ is the 
dominant phase. Mn-oxides theoretically precipitate under conditions more 
oxic and basic than Fe-oxides [15]. A similar relationship to Fe with respect 
to redox gradient has been documented in the field [27 , 28]. Like Fe, this 
gradient can be induced by decreasing redox potential or pH.
Trace Metals: Based on the relatively high concentrations of As, Cd, 
Cu, Pb and Zn in the coatings compared to the aqueous phase, these 
elements appear to be primarily partitioned in the solid phase. The removal 
of these elements may be the result of the precipitation of solid phase 
minerals or they may also be removed from the aqueous phase by 
adsorption on iron oxihydroxides. The degree of adsorption of a given
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cation to iron oxyhydroxide is primarily dependent on pH and the relative 
concentrations of the cation and adsorbing sites. In this case the number of 
adsorbing sites is not known. Nevertheless, for a wide spectrum of site 
densities, laboratory-determined adsorption isotherms for these three 
elements are located in a pH range from 4.5 and 6.5, the same pH range as 
the transition zone [29]. Adsorption of these ions at similar pH values has 
been documented in the field [12, 30].
Other Major Elements: Given that the surface water concentrations 
of Ca and Mg are higher than the concentrations found in the transition 
zone water, these two elements must be undergoing sorptive removal from 
the infiltrating surface water. This is confirmed by high Mg and Ca 
concentrations (Ca= 40 g/gm bead, Mg= 10 g/gm bead) on the beads in the 
transition zone. Since pH decreases downward, it is difficult to evoke an 
adsorption edge threshold model. A possible explanation is that the 
adsorption edge for these two ions is below a pH of 6  and that the change in 
concentrations in the water is the result of an increase in adsorption site 
density in the transition zone. The pore water in the transition zone is in 
contact with more adsorption sites and therefore Ca and Mg are more 
likely to be adsorbed. As a result, as surface water infiltrates into the 
transition zone, Ca and Mg concentrations go down. While Ca and Mg 
concentrations decrease, the concentrations of the monovalent cations Na
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and K show only a small decrease and only low levels of accumulation on 
the beads. This suggests an adsorption preference for divalent cations.
Alkalinitv: The profile of alkalinity concentrations in the water 
mimics the profile of pH. It is likely tiiat alkalinity is being consumed by 
acid from the oxidation of sulfides or mixing with groundwater. Alkalinity 
acts to buffer changes in pH. The ability to buffer acidic input is lost when 
HCO3-  is converted to H2CO3. The equivalence point for these two
carbonate species is at a pH of 6.37. Therefore, as the pH approaches and 
drops past 6.37, the alkalinity is quickly lowered to zero. Like Fe, the 
transition for alkalinity spéciation appears to correlate with the lower 
boundary of the transition zone.
Oxvgen and Nitrate: Dissolved oxygen and nitrate levels within the 
transition zone water show gradational decrease with depth. Oxygen and 
nitrate concentrations are likely being lowered by the oxidation of organic 
matter and/or sulfides. In many systems, surface water infiltrating 
groundwater often becomes more reduced with depth. The deeper the 
water is in the transition zone, the longer the residence time and the longer 
the process of reduction. Therefore, the deeper water would be expected to 
have lower oxygen and nitrate levels concentrations.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
21
Two conceptual models
We propose two different possible mechanisms to achieve the 
chemical composition of the water in the transition zone. First, the 
transition zone water can be produced by mixing of surface and 
groundwater. Second, the transition zone water may be the product of 
altered surface water. Given the flow model proposed in Figure 8 , the 
amount of mixing between surface and groundwater below the stream will 
be limited. Though the flow lines indicate no mixing, dispersion and flow 
field fluctuations are likely to provide some degree of interaction between 
the two zones. Though it is not known if any ions in this system behave 
conservatively, calculating mixing ratios from ion concentrations in the 
surface and groundwater still proves useful (Table V). These calculations 
were done using the equation:
X  — 100 (Cf— C^w) / (^gw,Æ^^sw)f 
where Csw= concentration of constituent in surface water, Cgw- 
concentration of constituent in the groundwater, Ct -  Concentration in
transition zone water, and x  = the percent of groundwater in the transition 
zone water. Constituents with negative (-) values, have concentrations in 
the transition zone that are higher than the surface water. For these 
constituents, the percent calculated is meaningless. Mixing ratios provide a
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general sense of the amount of mixing and an indication of the degree of 
non-conservative behavior. Chloride has been used as a natural, 
conservative tracer in surface-groundwater interaction [4, 31]. Chloride 
does appear to behave the most conservatively of all ions measured. Mixing 
ratios based on chloride indicate that the lower transition zone water ( - 2 0  
to -80 cm depth) is composed of about 6 % groundwater and 94% surface 
water (Table V). It should be noted that if chloride is not behaving 
conservatively the percent of groundwater contributed would be even 
smaller. In addition, of the metals analyzed on the beads, Mn appears to 
behave the most conservatively with less than 1.5 g/gm bead accumulated 
and a corresponding aqueous phase concentration of about 2 ppm. Mixing 
ratios calculated from Mn concentrations in the waters indicate 4% 
groundwater and 96% surface water which is in good agreement with the 
Cl numbers.
It is possible to calculate the degree to which a given constituent is 
depleted in the transition zone water relative to the concentration expected 
given only conservative mixing. These calculations were done using the 
equation;
y= 100 (1 -  (Ct / [0.95(Csw) + 0.05(Cg^)]})
where Csw= concentration of constituent in surface water, Cgw =
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concentration of constituent in the groundwater, Ct= concentration of
constituent in transition zone water, and y = the percent the constituent is 
depleted relative to the concentration predicted by conservative mixing. 
This number (“Percent Depleted”, Table V) reflects the degree of 
non-conservative behavior (sorption) for that constituent.
For example, while Fe and Cu (-99 and -70%, respectively) show a high 
degree of non-conservative behavior, K and Na (-12 and -7%, respectively) 
exhibit depletion near the error of measurement and are considered to be 
acting conservatively. The relative degree of non-conservative behavior by 
all elements during mixing (Fe > Cd > Cu > Zn > Ca > Mg > Mn) 
correlates well with the relative amount accumulated on the beads (Fe > Cu 
> Zn > Ca > Mg > Mn > Cd). Only Cd does not correlate well and this can 
be attributed to the large error associated with the measurement of the 
near-detection level concentrations throughout the system.
I also compared the amount contributed by the surface water 
( 0 . 9 4 ( C j > v  )) and groundwater ( 0 . 0 6 ( C ^ )  with the amount found in the
transition zone. If the calculated amount contributed by the groundwater or 
surface water is greater than the total actually found in the transition zone 
water, metals are being removed from that portion. Calculated 
concentrations of Cd, Cu, Fe, Mn, and Zn in the groundwater portion are
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all higher than those found in the transition zone and therefore, all these 
elements must be undergoing removal from the groundwater portion. 
Calculations also indicate that Ca and Mg are undergoing removal from the 
surface water portion. Though most elements show good internal 
agreement with the mixing model, sulfate is a notable exception. Sulfate 
shows a high degree of depletion relative to conservative mixing (44%). If 
SO42- in the transition zone is the product of mixing, a large amount of
SO42- is unaccounted for.Bigham (1990) [32] found that “amorphous iron
oxyhydroxide” may actually be a “poorly crystallized oxyhydroxysulfate of 
iron.” Though it is not known if this sulfate-containing mineral precipitates 
at a pH range of 4 to 6 , formation of such a mineral would help account 
for apparent non-conservative behavior of sulfate.
Since the degree of mixing indicated to form the transition zone 
water chemistry is very small and within the error of measurement for 
many constituents, it seems possible that mixing may not be occurring. We 
propose a mechanism to achieve the chemical composition within the 
transition zone without mixing. Water infiltrating into the groundwater 
often undergoes some degree of reduction [6 , 7, 33, 34]. The reaction 
sequence for the reduction of groundwater is well documented [35] (Figure 
9, Reactions 1 - 5). The partial reduction of oxides of Mn and Fe could
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produce the increases in concentration from the surface and transition 
waters in Fe (0.2 to 0.4 ppm) and Mn (0.8 to 2.5 ppm). However, this is 
unlikely for two reasons. First, the reduction of Fe seems unlikely given 
the oxygen and nitrate concentrations present in the water. Second, the 
reduction of nitrate, Mn-oxide and Fe-oxide results in the consumption of 
H+ ions which will raise the pH. The pH of the transition zone water is, 
however, lower than the surface water. The pH can be lowered by the 
production of CO2 from the oxidation of organic matter, but this will not
result in the decrease in alkalinity found in the transition zone (Figure 9, 
Reactions 6  - 7). In these reduction reactions the main reductant that is 
being oxidized is assumed to be organic matter (CH2O) but it is also
entirely possible for sulfides to be oxidized. The oxidation of sulfides, as 
represented by the well known pyrite oxidation sequence in Figure 9 
(Reactions 9-12), will result in an increase in metal concentration and a 
decrease in pH. Given the presence of oxygen and nitrate, this reaction is 
more thermodynamically favored in the transition zone than the reduction 
of Mn and Fe oxides. Sulfides are present within the bed sediment of the 
Clark Fork drainage [26]. The oxidation of these sulfides is presumably 
limited by encasement in reaction rims of oxides and the kinetics of the 
oxidation reaction. It is probable, however, that some degree of oxidation
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of sulfides in the bed sediment is occurring. Given the higher levels of 
water-sediment interaction in the pore waters underlying the creek, the 
transition zone is more likely to show the effects of that oxidation. The 
oxidation of sulfides of Fe, Cu, Zn, As, and Pb will result in the 
mobilization of “free” metal ions. These ions may stay in solution in the 
transition zone, or be removed from the aqueous phase by sorption. This is 
reflected in the water or bead coating chemistry in the transition zone. The 
oxidation of sulfides also produces acid which can explain the decrease in 
pH and alkalinity between the surface and transition zones.
At the base of the bead coating concentration profiles there are high 
values for a number of metals. Given the lack of oxygen in the 
groundwater, it seems unlikely that oxides could be forming at this 
depth-These high metal concentrations on the beads may be the result of 
sulfide formation. Though the water chemistry does not indicate that metals 
are precipitating from the groundwater at this depth (i.e. the soluble 
concentrations are not lower), a profile of bacterial populations shows the 
presence of sulfate reducing bacteria at this depth [36]. This suggests that 
sulfides are forming at this depth, perhaps at rates that do not significantly 
alter the soluble concentrations.
Conclusions
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I have documented the size, shape and geochemical character of the 
transition zone between surface water of a small creek and underlying 
acidic, metal-rich groundwater. The addition of solid phase data has greatly 
enhanced physical and geochemical conceptual models of the interface 
between the surface and groundwater systems. The concentrations of metals 
on the sampled substrate is inversely related to their respective 
concentrations in the aqueous phase, clearly documenting spéciation 
between the solid and aqueous phases. I have defined the extent of this 
transition zone geochemically and built a model of the flow system that fits 
existing hydrologie data. I found that, within the bed sediment of the creek, 
a geochemically-defined transition zone of about 1 meter exists between 
acidic metal-rich groundwater (pH= 4.5, Fe= 300 ppm) and relatively clean 
surface water (pH= 7.9, Fe= 0.2 ppm). Two models have been proposed to 
explain the chemical composition of this transition zone water. It is possible 
to achieve the water chemistry composition found in the transition zone by 
infiltrating surface water oxidizing sulfides within the bed sediment, or by 
mixing with ~6 % contaminated groundwater. The behavior of 
contaminants across this transition zone is strongly controlled by a pH and 
redox gradient between the surface and groundwater systems.
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Table Captions
Table I
Representative sediment chemistry from 5 different test pits at the 
Silver Bow site. Data were attained by using a partial HCl extract which 
approximates metal concentrations available to the environment (Luoma 
and Davis, 1983). Concentrations are in pg/gm sediment.
Table II
Representative water chemistry from well nest in the creek, August 
1 , 1993. Well depth refers to depth below ground surface. Well depth ( 8  
cm) is surface water. All concentrations are in mg/1.
Table III
TCP level of detection and duplicate and spike recovery data.
Table IV
IC level of detection and duplicate and spike recovery data.
Table V
Mixing ratio calculations between surface water and “average” 
groundwater to achieve “average” transition zone water. “% GW” indicates 
amount of groundwater that would need to be mixed with the surface water 
to achieve the concentration of that constituent. “Percent Depleted” 
indicates the % of each constituent that must be removed to achieve the 
concentrations found under the assumption of 5.58% groundwater 
contribution (based on Cl mixing ratio). “SW*.9442” and “GW*.0558 
indicate the amount contributed by the surface water and groundwater, 
respectively, during conservative mixing.
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Figure C aptions
Figure 1
Site Location Map
Figure 2
Site and Potentiometric map: This map shows the location of the 
study site cross section and a potentiometric map of “semi-steady-state” 
conditions on July 1, 1994. Groundwater contour intervals (dashed lines) 
are 0.15 meters. The potentiometric map for the site is highly responsive to 
fluctuating stream stage.
Figure 3
Cross-sectional profile of groundwater flow net, stratigraphy, 
instrumentation. Flow net was constructed assuming a horizontal hydraulic 
conductivity two orders of magnitude greater than the vertical hydraulic 
conductivity and is based on data collected on April 27,1994. This flow net 
is believed to represent “semi-steady state” conditions. Contour intervals 
are 0.02 meters. Stratigraphy: Unit A = unsaturated zone composed of 
metal-rich mine tailings and uncontaminated material of fine and coarse 
sand. Unit B = Sand and gravel aquifer. Unit C = clay confining layer. 
Instmmentation: WN = well nest, BSl = 6  week bead set, BS2 =15 week 
bead set.
Figure 4
Hydrographs for surface and groundwater. Data plotted to show the 
delayed response of the groundwater to changes in surface water stage. 
When surface water levels are going up groundwater levels are relatively 
lower than the surface water and as surface water levels drop, groundwater 
levels are relatively higher. Data from Steven’s Recorders in stream and in 
the groundwater.
Figure 5
Vertical profile graph of percent difference in metals (Cu, Fe, Mn, 
and Zn) between the 6  week bead set (BS 1) and 15 week bead set (BS 2).
Figure 6
Cross-sectional profile of pH values and Fe concentrations in the 
water. Hash marked area defines transition zone. Transition zone chemistry 
is intermediate between surface and groundwater. Vertical exaggeration 
used to show vertical differentiation.
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Figure 7a
Vertical profile within the bed sediment of Silver Bow creek of 
general chemical parameters (pH, Dissolved oxygen. Total alkalinity, and 
Nitrate) in the aqueous phase. Vertical axis is depth below ground surface, 
horizontal axis is concentration of each constituent. Dashed lines show 
geochemically defined divisions between surface water, transition zone 
water, and groundwater. Oxygen values are shown to represent trends 
only.
Figure 7b
Vertical profile within the bed sediment of Silver Bow creek of acid 
mine drainage associated contaminants (Fe, Cu, Cd, Zn, and Mn) in the 
aqueous phase (A), as coatings on the 6  week bead set (B), and as coatings 
on the 15 week bead set (C). Vertical axis is depth below ground surface, 
horizontal axis is concentration of each constituent. Note that the scale on 
the horizontal axis varies between plots. Dashed lines show geochemically 
defined divisions between surface water, transition zone water, and 
groundwater. The accumulations of the 15 week bead set (C) indicate a 
smaller transition zone.
Figure 7c
Vertical profile within the bed sediment of Silver Bow creek of non­
contamination related elements (Ca, K, Mg, and Na) in the aqueous phase 
(A), as coatings on the 6  week bead set (B), and as coatings on the 15 week 
bead set (C). Vertical axis is depth below ground surface, horizontal axis is 
concentration of each constituent. Note that the scale on die horizontal axis 
varies between plots. Dashed lines show geochemically defined divisions 
between surface water, transition zone water, and groundwater. In the 
aqueous phase, all elements show slightly lower levels in the transition zone 
(A). Ca and Mg show significant levels of accumulation on the beads (B 
and C).
Figure 7d
Vertical profile within the bed sediment of Silver Bow creek of non­
contamination related elements (Cl, Si, Al, and SO4 ) in the aqueous phase 
that were not found or measured for on the beads. Vertical axis is depth 
below ground surface, horizontal axis is concentration of each constituent. 
Note that the scale on the horizontal axis varies between plots. Dashed lines 
show geochemically defined divisions between surface water, transition
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zone water, and groundwater.
Figure 7e
Vertical profile within the bed sediment of Silver Bow creek of 
contamination related elements (As and Pb) in the coatings that were not 
found in the water. Vertical axis is depth below ground surface, horizontal 
axis is concentration of each constituent. Note that the scale on the 
horizontal axis varies between plots. Dashed lines show geochemically 
defined divisions between surface water, transition zone water, and 
groundwater.
Figure 8
Cross-sectional profile of physical flow field model. Hashed area 
marks the transition zone. This is a chemically defined flow field that fits 
with existing hydrologie data.
Figure 9
Important chemical reactions.
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stratigraphy
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Redox Reaction Sequence
Ref. # Reaction Eouation
1 . Aerobic respiration CH20 + Q2 = C02 + H20
2. Denitrification CH2 O + (4/5)N03- + (4/5)H+ = CO2  + (2/5)N2 + (7/5)H20
3. Mn(IV) reduction CH2O + 2Mn02 + 4H+ = 2Mn2+ + 3 H2 O + CO2
4. Fe(lll) reduction CH2 O + 8H+ + 4Fe(OH)3 = 4Fe2+ + IIH2 O + CQ2
5. Sulfate reduction CH2 O + (1/2)8042- + (1/2)H+ = (1/2)HS- + H2 O + CO2
Carbonate Reaction Sequence
6 . CO2  + H2 O = H2CO3
7. H2 CO3  = HCO3- + H+
8 . HCO3 - = CO3 2 - + H+
Sulfide (pyrite) Oxidation Sequence
9. Fe$2 (s) + (7 / 2 ) 0 2  + H2 O = Fe2+ + 2 SO4 2 - + 2H+
1 0 . Fe2+ + ( 1 / 4 ) 0 2  + H+ = Fe3+ + (1 / 2 )H2 0
1 1 . Fe3+ + 3 H2O = Fe(0 H)3 (s) + 3H+
1 2 . FeS2 (s) + 14Fe3+ + BH2 O = 15Fe2+ + 2 SO4 2 - + 16H+
OQ
C
CD
UD
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(Water Chemistry)
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Water Chemistry
Water Chemistry is tabulated with the constituent measured and the date of 
sampling along the left hand margin, and the well number across the top. 
Concentrations are in mg/1. All samples were collected during 1993. 
“BDL” = Below Level of Detection. See attached site map for well 
locations.
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Water Chemistry
Spl.« DATE L.0.0. A106.75 A205.25 A207.25 A208R A302.0 A402.7 A404.5 A503.T5 A604.5 A703.5 A704.5Cu 4.11 0.021 2627 BOL 0.0725 0.0615 0.0335 BOL BOL 0.0712 0.0328Cu 425 0.021 167 0.032 0.0227 BOL 0.1282 BOL 0.1925 0.1246 0.1246 0.1508 BOLCu 522 0.021 13.52 BOL 0.053 0.0721 0.1702 BOL BOL 0.0954 BOL 4.109 0.7742Cu 6.17 0.021 9322 BOL BDL BOL 0.3954
Cu
Cu
7.13
825
0.021
0.021
9.356 BOL BOL BOL 0.499 BOL BOL 0.0571 BOL 4.35 0.7573
0 0 4.11 0 03 0.9 0.3 0 0.2 0.2 0.2 02OO 425 0.1 0.1 03 0.1 0.1 0.4 0.3 0.1 0.1 0.1 010.0. 5.22 0 01 0.4 0.5 0.1 0.1 0.4 0.1 0.1 01 0.10.0. 6.17 0.5 0.5 0.7 0.8 0.4
0.0.
0.0.
7.13
8.25
0.4 0.2 0.6 0.5 0.2 0.3 0.3 0.3 0.2 0.3 0.3
Fe 4.11 0.027 20.9 15 13.1 18.5 0.033 5.74 4.17 1.43 14.5Fe 4.25 0027 27.1 15.8 12.8 179 0.216 6.71 9.19 203 15.8 102 102Fe 5.22 0027 24.9 16.5 12.3 16.6 BDL 11.1 11 212 14.4 8.65 11.7Fe 6.17 0027 26.5 15 12.9 19.7 BOL
Fe
Fe
7.13
8.25
0.027
0.027
29.8 16.1 14.7 20.2 BDL 16.3 15.5 1.83 15.3 9.07 9.6
K 7.13 1
K 8.25 1
4.11 0.14 44 35.6 36 33.8 9.56 9.67 11.2 8.72 14.3
4.25 0.14 50.7 41.6 40.1 38.2 10.9 13.5 23.1 127 14.5 11.9 1195.22 0.14 4.16 4.37 371 3.57 1.13 2.44 3.42 1,56 1.64 1.19 1.46Mg 6.17 0.14 54.2 40.8 39.2 43.7 10.4
Mg
Mg
7.13
8.25
0.14
0.14
58.3 43.2 43.5 42.6 8.57 34.4 45.5 13.8 15.7 12.1 13.5
Mn 4.11 0.006 50.9 10.75 12.89 19.76 1.377 7.591 7.923 1.643 3.217Mn 425 0.005 44.4 11.81 12.TO 20.79 1.52 10.09 14.76 1.941 3.361 4161 3197Mn 5.22 0006 34.94 12.54 1207 19.22 1.674 18.57 22.66 2158 3.567 4.591 4.958Mn 6.17 0.006 41.36 1194 12.07 2368 1.562
Mn
7.13
8.25
0.006
0.006
46.04 13.12 13.54 23.83 1.395 27.9 31.62 2034 3714 4.598 4.547
Mo 4.11 0.018 0.0092 0.0238 0.0252 00204 BOL BDL BOL BOL 0.0259
Mo 4.25 0.018 0.0566 BDL BOL 00296 BDL 0.0256 0.0239 BOL 0.0228 0.0252 00204Mo 5.22 0.018 0.0312 00289 0.0193 0.0466 BDL 0.0386 0.0827 0.0208 0.0221 BOL BOLMo 617 0.018 00418 00289 00234 0.0335 BOL
Mo 7.13 0.018 0.0447 0.0271 0.0253 0.0339 BDL 0.0326 0.0281 0.0183 0.0261 BOL 0.0196Mo 8.25 0.018
BOL
BDL
0.6
0.3
9.38
11.1
1.12
13.2
2.958
3.536
0.0196
0.0242
A808.0 ASW 8SW
0.0266 0.0385 0.0448
BOL 0.0515 0.083
0.0731 0.0666
0.1859
0.0637
BOL 0.0642 0.0639
0.1297
0 12.8 38
0.2 11.8 11.5
0.2 9
5.9
9
0.3 10.9 10.4
0.078 0.06 0.107
0.074 0.318 0.148
1.29 0.199
0.298
0.134
BOL BOL BOL
0.166
4.465
16.1 9.72 9.32
15 819 10.6
1.71 0.904
9.62
0.884
16.2 976 944
10.8
3.412 0.7426 07186
3.258 0.5872 0.8017
3.548 0.5479
1.037
0.5679
3.179 0.6676 0.5731
0.937
BOL BOL BOL
BDL BOL BOL
BOL BOL
BOL
BOL
BOL BDL BDL
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Appendix B 
(Sediment Chemistry)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
68
Sediment Chemistiy
Thirty-six soil samples were obtained by hand from test pits along a 
transect roughly parallel to well nests (See attached location map). Samples 
were dried at 70 degrees Celsius for 24 hours. A partial HCl extract was 
used to approximate metals available to the environment(Luoma and Davis, 
1983). Approximately 2.000 gm sediment were digested in 200 ml 0.6 N 
HCl, shaken for 8 hours, and decanted for analysis. The resulting solution 
was analyzed for cations using a Thermo-Jarrel Ash ICP. Results are 
reported in ug/gm sediment. “BDL” indicates element is present at 
concentrations below the detection limit. “Unit” refers to the stratigraphie 
unit from which the sample was taken: qtf; fine-grained tailings, qtc; coarse­
grained tailings, qpf; fine-grained pre-tailings, qpc; coarse-grained pre­
tailings.
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